We have studied the electronic structure of Ba(Fe 1−x Mn x ) 2 As 2 (x=0.08), which fails to become a superconductor in spite of the formal hole doping like Ba 1−x K x Fe 2 As 2 , by photoemission spectroscopy and X-ray absorption spectroscopy (XAS). With decreasing temperature, a transition from the paramagnetic phase to the antiferromagnetic phase was clearly observed by angle-resolved photoemission spectroscopy. XAS results indicated that the substituted Mn atoms form a strongly hybridized ground state. Resonance-photoemission spectra at the Mn L 3 edge revealed that the Mn 3d partial density of states is distributed over a wide energy range of 2-13 eV below the Fermi level (E F ), with little contribution around E F . This indicates that the dopant Mn 3d states are localized in spite of the strong Mn 3d-As 4p hybridization and split into the occupied and unoccupied parts due to the on-site Coulomb and exchange interaction. The absence of superconductivity in Ba(Fe 1−x Mn x ) 2 As 2 can thus be ascribed both to the absence of carrier doping in the FeAs plane, and to the strong stabilizaiton of the antiferromagnetic order by the Mn impurities. PACS numbers: 74.25.Jb,74.70.Xa,71.18.+y, Since the discovery of high-T c superconductivity in the iron pnictides 1 , various types of carrier doping have been successfully performed to induce superconductivity. Superconductivity appears in BaFe 2 As 2 (Ba122) by hole doping realized by K substitution for the Ba sites 2 or by electron doping realized by Co 3 , Ni, or Cu substitution 4 for the Fe sites. However, Mn substitution for the Fe sites does not induce superconductivity and antiferromagnetic order persists in Ba(Fe 1−x Mn x ) 2 As 2 (Mn-Ba122) in the entire doping range x below ∼ 60 K 5, 6 . The orthorhombic distortion of Ba122 disappears at x ∼ 0.09 and the system enters a tetragonal phase. As shown in Fig. 1 , the resistivity of Mn-Ba122 5 shows a jump at the magneto-structural phase transition temperature and gradually increases below it. This behavior is contrasted with the metallic behaviors of the parent compound and the hole-doped Ba 1−x K x Fe 2 As 2 (K-Ba122) 7 , where the resistivity drops below the transition temperature. A neutron scattering experiment on Mn-Ba122 8 has revealed competition between the stripe-type spin-density-wave (SDW) order [Q Q Q stripe =( 1 2 , 1 2 , 1)] seen in the parent compound and a G-type antiferromagnetic order [Q Q Q G-type =(1, 0, 1)] predominant in the tetragonal phase; in the orthorhombic phase, there are additional inelastic spin excitation peaks which represent the Gtype antiferromagnetic fluctuations. This result indicates that Mn doping predominantly introduces an additional local magnetic order which is distinct from the magnetic order of the parent compound, instead of suppressing the long-range SDW order of the parent compound. It is theoretically suggested that G-type magnetic fluctuations strongly suppress the s ± superconducting state 9 . According to the proximity scenario of iron-based superconductors to Mott insulators 10,11 , Mn doping into the Fe sites is thought to drive the system towards a Mott insulator with the d 5 electronic configuration. In fact, the end member BaMn 2 As 2 is a G-type antiferromagnetic insulator with an ordered magnetic moment of µ = 3.88µ B /Mn at 10 K directed along the c axis 12, 13 . Thus the clarification of the electronic structure associated with the two distinct magnetic orderings may give useful insight into the doping mechanism and superconductivity in the 122 systems.
Since the discovery of high-T c superconductivity in the iron pnictides 1 , various types of carrier doping have been successfully performed to induce superconductivity. Superconductivity appears in BaFe 2 As 2 (Ba122) by hole doping realized by K substitution for the Ba sites 2 or by electron doping realized by Co 3 , Ni, or Cu substitution 4 for the Fe sites. However, Mn substitution for the Fe sites does not induce superconductivity and antiferromagnetic order persists in Ba(Fe 1−x Mn x ) 2 As 2 (Mn-Ba122) in the entire doping range x below ∼ 60 K 5, 6 . The orthorhombic distortion of Ba122 disappears at x ∼ 0.09 and the system enters a tetragonal phase. As shown in Fig. 1 , the resistivity of Mn-Ba122 5 shows a jump at the magneto-structural phase transition temperature and gradually increases below it. This behavior is contrasted with the metallic behaviors of the parent compound and the hole-doped Ba 1−x K x Fe 2 As 2 (K-Ba122) 7 , where the resistivity drops below the transition temperature. A neutron scattering experiment on Mn-Ba122 8 has revealed competition between the stripe-type spin-density-wave (SDW) order [Q Q Q stripe =( 1 2 , 1 2 , 1)] seen in the parent compound and a G-type antiferromagnetic order [Q Q Q G-type =(1, 0, 1)] predominant in the tetragonal phase; in the orthorhombic phase, there are additional inelastic spin excitation peaks which represent the Gtype antiferromagnetic fluctuations. This result indicates that Mn doping predominantly introduces an additional local magnetic order which is distinct from the magnetic order of the parent compound, instead of suppressing the long-range SDW order of the parent compound. It is theoretically suggested that G-type magnetic fluctuations strongly suppress the s ± superconducting state 9 . According to the proximity scenario of iron-based superconductors to Mott insulators 10, 11 , Mn doping into the Fe sites is thought to drive the system towards a Mott insulator with the d 5 electronic configuration. In fact, the end member BaMn 2 As 2 is a G-type antiferromagnetic insulator with an ordered magnetic moment of µ = 3.88µ B /Mn at 10 K directed along the c axis 12, 13 . Thus the clarification of the electronic structure associated with the two distinct magnetic orderings may give useful insight into the doping mechanism and superconductivity in the 122 systems.
In this study, we have studied the electronic structure of Mn-Ba122 (x=0.08) with angle-resolved photoemission spectroscopy (ARPES) and X-ray absorption spectroscopy (XAS). ARPES spectra above and below the transition temperature visualize the folding of the band structure due to the stripe-type antiferromagnetic order. Comparison of the XAS spectra at the Mn 2p-3d absorption edge with those of other reference compounds has made clear that XAS spectra at the Mn and Fe L 2,3 edges (2p to 3d absorption edges) have similar line shapes characteristic of metallic or strongly p-d hybridized compounds. The partial densities of states of Fe 3d and Mn 3d have been obtained by resonance photoemission spectroscopy (RPES) using photon energies at the Mn and Fe L 3 absorption edges. Based on the obtained spectroscopic data, we shall discuss the origin of the absence of superconductivity in MnBa122 and the nature of electron correlation in the Fe-based superconductors.
Ba(Fe 0.92 Mn 0.08 ) 2 As 2 single crystals were grown by the self-flux technique in evacuated double quartz tubes 14 . Thin plate crystals having ab-surfaces of the ∼ 2 × 2 mm were separated from the flux by using the cleavage property of the material along the ab-planes. Resistivity along the ab-plane was measured by the four-probe method using a home-built apparatus with a closed circle He-refrigerator. The resistivity curves of Mn-Ba122 (x=0.08) and Ba(Fe 0.92 Co 0.08 ) 2 As 2 (Co-Ba122) are compared in Fig. 1 . The Néel temperature T N = 86.3 K is determined as the temperature at which the resistivity shows a discontinuous jump. The normal-state resistivity of Mn-Ba122 is about twice larger than that of CoBa122, indicative of stronger impurity potential of the Mn atom than that of the Co atom. ARPES experiments were performed at Beamline 5-4 of Stanford Synchrotron Radiation Lightsource using an R4000 Scienta electron analyzer. ARPES spectra were recorded using 31 eV photons under a pressure better than 1 × 10 −10 Torr. The total energy resolution was set to 12 meV or better and the angular resolution was 0.3 degrees. XAS and RPES experiments were performed at Beamilne 2-C of Photon Factory, High-Energy Accelerator Research Organization (KEK). MnBa122 single crystals were cleaved in situ to obtain fresh surfaces in all the measurements. Fermi-surface mapping in the k x -k y plane is shown in Fig.  2 The broad ARPES intensity distribution in momentum space and the complexity arising from the folding of multiple bands make it difficult to identify the k F positions of each FS. We shall argue below that this broadness originates partly from the strong scattering of quasi-particles by randomly distributed Mn local spins. Figure 2(c) shows the second derivative plots of the ARPES intensities along the cut shown in panel (a) at three different temperatures. As one decreases the temperature from 100 K to 20 K, the Dirac-conelike features below E F show up as bright spots near the Z point as a result of band folding and the bands at the X point start to split due to the orthorhombic structural distortion. In order to clarify the electronic states of the doped Mn, we have performed XAS measurement in the photon energy regions in the L 2,3 edges of Mn and Fe. In resonance photoemission spectroscopy, one makes use of the property that the cross-section of photoemission from an atomic orbital is enhanced by quantum-mechanical interference between direct photoemission of a d electron, 3d n + hν → 3d n−1 + e − , and absorption followed by a KosterKrönig transition 2p 6 3d n + hν → 2p 5 3d n+1 → 2p 6 3d n−1 + e −21,22 . This effect can be utilized to extract the 3d partial density of states of a transition element in solids. Following the observed x-ray absorption spectra, we measured the valence-band photoemission spectra with photon energies from the off-resonance to on-resonance regions. Figure 4 shows photoemission spectra taken at photon energies around the Mn and Fe L 2,3 absorption edges. A series of photoemission spectra taken with a small photon energy interval enable us to identify the Auger-electron emission peak, which have a constant kinetic energy, as well as the enhancement of photoemission features. Figures 4(c) and (d) show the valenceband spectra taken with photon energies in the Fe and Mn L 2,3 absorption regions, respectively. The strongest enhancement around the Fe L 2,3 resonance photon energy mainly originates from the Auger emission process, and its position relative to E F shifts with the incident photon energy as shown by vertical bars. The predominance of the Auger feature at the Fe L 3 edge arises from the fact that the Fe 3d electrons in the FeAs plane have a high DOS at E F and that they screen the corehole potential immediately after the photo-absorption. On the contrary, the weaker Auger feature at the Mn L 3 edge implies that the Mn 3d electrons are relatively immobile (due to the gap around the E F ) and that the core hole is not efficiently screened before the Koster-Krönig transition occurs. This is in contrast with the strong Auger feature observed at the Co L 2,3 edges of Ca(Fe 0.944 Co 0.056 ) 2 As 2 23 , which clearly demonstrated the metallic nature of Co 3d electrons and the high Co 3d PDOS at E F . Figure 4 (e) shows the deduced Fe and Mn 3d PDOS. While the main feature of the Fe 3d PDOS is located within 2 eV from E F , the Mn 3d PDOS is widely distributed in the range from ∼ 2 eV to ∼13 eV below E F with little weight around E F . This Mn 3d PDOS resembles that of Ga 0.957 Mn 0.043 As as shown in Fig. 4(f) and is another evidence for the strong hybridization between the Mn 3d and As 4p orbitals and the strong Coulomb and exchange interaction between the Mn 3d electrons. The distinct Fe and Mn PDOSs are in striking contrast to the strong similarity between the Fe 3d and Co 3d PDOSs found in Ca(Fe 0.944 Co 0.056 ) 2 As 2 23 , where the center of gravity for Co 3d is only ∼ 0.25 eV deeper and the spectral line shapes of the Fe and Co PDOS are almost identical. A recent ARPES study of Co, Ni, and Cu-substituted BaFe 2 As 2 has also shown that the deviation from the rigid-band model is minimal for Co-substitution 24 . According to a first-principle calculation on the effects of transition-metal substitution in LaFeAsO 25 , the on-site potential differences between the impurity 3d and the Fe 3d orbitals of La(Fe,M)AsO (M: transition metal) shifts monotonically as M goes from Mn, Co, Ni, to Zn (∼ 0.29 for Mn, ∼ -0.36 for Co, ∼ -0.90 for Ni, and ∼ -8.0 for Zn in units of eV). In order to reconcile the present Mn PDOS position ∼ 2-13 eV below E F with the calculated positive Mn 3d position, we consider that Hund's coupling and on-site Hubbard interaction between Mn 3d electrons are important and play an essential role. For the d 5 configuration of the Mn 2+ ion, the Hubbard splitting into the ↑ and ↓ bands is given by U + 4J (where U and J are the on-site Coulomb and exchange energy), which amounts to at least ∼ 5 eV. Therefore, it is natural for the occupied Mn 3d levels to sink several below E F . We, therefore, conclude that a large magnetic moment of S = 5/2 is formed at the Mn site in Mn-Ba122 and that the magnetism of the Mn 3d electrons cannot be described by the weak coupling SDW picture. The large Mn magnetic moment serves to maintain the magnetic ordering of the parent compound up to high Mn concentration.
In order to explain the absence of itinerant hole carriers in Mn-Ba122, we show in Fig. 5 the schematic density of states of BaFe 2 As 2 , Ba(Fe 1−x Co x ) 2 As 2 , and Ba(Fe 1−x Mn x ) 2 As 2 . Here, the crystal-field splitting and the hybridization with the As 4p orbitals are neglected for simplicity. In the parent compound, six out of the ten Fe 3d orbitals are occupied. In the Co-substituted compound, the Fe 3d and Co 3d orbitals form a common energy bands as a consequence of weak impurity potential of the Co 3d states. Therefore, Co doping actually introduces electrons into the combined Fe 3d-Co 3d bands. On the other hand, due to the splitting of the Mn 3d level into the ↑ and ↓ levels caused by the on-site Coulomb repulsion and Hund's coupling, the Fe 3d and Mn 3d orbitals do not form common energy bands. Because the lower Mn 3d level accommodate 5x electrons and the DOS of the Fe 3d band is reduced by a factor of 1 − x, the Fermi level remains unshifted by the Mn substitution. The absence of carrier doping by transtition-metal substitution is also found in Zn-substitution, where the deep Zn 3d orbitals do not form a combined band with the Fe 3d orbitals 26 . The emergence of the large local magnetic moments at the Mn sites may prompt us to consider that the upturn behaviour of Mn-Ba122 resistivity seen at ∼ 200 K for x = 0.08, or at lower temperatures for smaller x, is due to the Kondo effect 27 . However, as suggested by a dynamical mean-field calculation study 28 , large J in multiband systems significantly reduce the Kondo temperature. Therefore this behaviour is better ascribed to the weak-localization effect caused by the strong random potentials induced by magnetic Mn atoms.
In conclusion, by using photoemission and X-ray absorption spectroscopy, we have probed the local electronic structure of the Mn dopant in Ba(Fe 0.92 Mn 0.08 ) 2 As 2 . The Mn 3d orbitals are strongly hybridized with As 4p orbitals, and the Mn 3d PDOS is widely distributed in the range from ∼ 2 eV to ∼ 13 eV below E F owing to the energy level splitting by on-site Coulomb interaction and Hund's rule coupling. The energy gap opens at E F in the Mn 3d PDOS and hole doping does not occur by Mn substitution.
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